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ABSTRACT

Defects produced in n-type silicon by 22 MeV protons have been
investigated. The electrical conductivity and the Hall coefficient
were determined as a function of proton flux to provide electron
removal rates and changes in the Hall mobility. A defect energy level
was located in both Czochralski grown and floating zone silicon
between 0.15 eV and 0.l8 eV below the bottom of the conduction band)
the concentration of defects giving rise to this level appears to be
independent of the oxygen content of the silicon. Another defect
energy level was located in floating zone silicon 0.4l eV below the
conduction band.

PROTON-PRODUCED DEFECTS IN N-TYPE SILICON

INTRODUCTION

Radiation damage in semiconductors had its inception at Purdue
University and the Oak Ridge National Laboratory (refs. 1, 2) in 1 9 ^
when it was discovered that the electrical properties of germanium were
very sensitive to energetic particle irradiation.

These changes in the

electrical properties of germanium were associated with radiationproduced lattice disorder.

For a long time it was believed that the

radiation-produced lattice disorder was in the form of simple
interstitial-vacancy pairs.

However, in the late 1950’s and early

l ^ O ' s it was realized that radiation damage in semiconductors was
more complex than was believed earlier.

Electron paramagnetic resonance

investigations of silicon revealed that impurities contribute signifi
cantly to the formation of defect complexes.

Watkins (ref. 5) has

indicated that silicon has numerous defect complexes formed in it as
a result of electron irradiation.

Among these complexes are the A-

center, an oxygen-vacancy complex; the E-center, a phosphorus-vacancy
complex; and the divacancy.
With the space program came the problem of the effects of space
radiation on the semiconductor devices used in the circuitry of space
vehicles.

A fundamental understanding of the defects produced in

semiconductors is needed to conduct a complete analysis of radiation
effects on semiconductor devices.

Since the particle radiation in

space is composed essentially of high energy electrons and protons,

.2
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damage produced by these particles is of prime interest.

Most of the

investigations up to now have been conducted with electrons, neutrons,
7-rays and some heavier ions.
have been rather limited.

However, proton studies on semiconductors

It was the purpose of the investigation

reported in this thesis to establish introduction rates for defects
produced by 22 MeV protons in n-type silicon.

Measurements of

electrical conductivity and the Hall coefficient were made since both
are sensitive to lattice defects) the irradiations were performed at
room temperature.

CHAPTER I
THEORY

Fundamentals of Radiation Damage
Production of displacements.- When a high energy proton impinges
upon a semiconductor, most of the energy lost by the proton is through
ionization.

However, a small amount of energy is lost through elastic

and inelastic interactions of the proton with the nuclei in the crystal.
The proton can impart a certain amount of its kinetic energy to the
nucleus of any atom with which it interacts.

If the amount of energy

is sufficient, the atom will be displaced from its normal lattice
position.

The minimum amount of transferred energy required for

displacement is called the displacement energy, E^.
displacement energy is 13 electron volts (ref. 4).

For silicon the
The atom that is

displaced by the interaction interacts with other atoms of the crystal

to produce other displacements if it has received enough energy during
the interaction with the proton.

The total number of displacements
dNd
produced per unit path length per particle is
= Nov (ref. 5)

where

N

is the concentration of target atoms,

placement cross section, and

v

is the total dis

is the average number of displacements

resulting from a primary event.
1.

Total displacement cross section.

The total displacement

cross section for silicon irradiated by protons can be obtained from
a treatment which takes into account only Rutherford scattering.
differential cross section for classical Rutherford scattering is

The

where

p.

is the reduced mass and

of-mass coordinates,

9

T = T
sin
max

is the scattering angle in center-

2 9
t:
2

(ref.
'

of transferred energy corresponding to
energy which can be transferred.

Tmgy

is the maximum

+

is the energy of the incident particle,

incident particle, and

is the amount

Also,

K
E

and

T

blL Mp
= ---- =■— =-« E

T

where
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is the mass of the
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obtained by integration:
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d
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1 *6° x 10’21 <a*2 •

It must be pointed out that this cross section was obtained by
considering only classical Rutherford scattering.
Other attempts have been made to calculate the total displacement
cross section for proton interactions with silicon.
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Simon, Denny, and Downing (ref. 7) concluded that protons with
energies exceeding about 10 MeV produce defects in silicon by both
elastic and inelastic scattering.

However, it was felt that the

majority of the defects produced by protons with energies less than
50 MeV were due to Rutherford scattering.

It was concluded that at

higher energies inelastic interactions between the proton and the
silicon nucleus become dominant in producing defects.
Baicker, Flicker, and Vilms (ref. 8 ) calculated the number of
displacements per unit length produced by protons in silicon by
assuming that Rutherford scattering describes the interaction between
the proton and the silicon nucleus below 10 MeV and that the nuclear
optical model describes the elastic scattering from 10 to 100 MeV.
The calculations were performed through the use of the optical model
parameters for aluminum since almost no data were available for
silicon.
2.
event.

Average number of displacements resulting from a primary
Extensive effort has gone into the calculation of

~v.

approaches to this calculation have been attempted (ref. 5)»

Several
The

simplest is that of Kinchin and Pease where all that is required for
displacement is that the energy transferred to a lattice atom by the
primary recoil be greater than or equal to the displacement energy.
The Kinchin - Pease model leads to the following approximation:

V = 2E,
d
where

Ei

1 -

Ei
2T
max

is the primary recoil energy above which the primary recoil

loses energy only by ionization of the lattice atoms.

is

7
sometimes referred to as the threshold ionization energy.

In the

treatment of Snyder and Neufeld and the treatment of Harrison and
Seitz it is assumed that the displacement energy
during each displacement collision.

is consumed

While Snyder and Neufeld obtained

essentially the same result as Kinchin and Pease, the model of Harrison
T
and Seitz gave a v = 0.12 + O .56 in — =—
. It should be mentioned that
Ed
the defect density predicted by all of the models exceeds the
experimentally determined values.

One reason could be that the models

only account for the production of displacements but do not include
anything on how the actual defects are finally formed.

Another is

that the models do not take into account any immediate recombination
of the displaced atoms with vacancies.
Proton damage differs from electron damage in that the proton can
impart enough energy to the primary recoil to produce small clusters
of displacements while electrons usually produce isolated displacements.
Ionization.- In a semiconductor ionization results in the produc
tion of electron-hole pairs.

However, this is a nonequilibrium

condition and the electrons and holes recombine with a time constant
which varies from a few to hundreds of microseconds at room temperature
depending on the impurity concentration.

As the electrons and holes

recombine, the excess energy is given up to the lattice and, hence,
appears as heat.

If the rate of ionization were high, the temperature

of the silicon could be correspondingly high, thereby enhancing
annealing of the defects that are produced by the irradiation.

However,

in the experiment described in this thesis, the beam current from the
cyclotron was not high enough for ionization to be a large factor in the
production of defects.
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Nuclear transmutations.- Arnold, et al., (ref, 9) have considered
the possibility that nuclear transmutations might he significant in
proton irradiations of silicon.

They indicate that the total reaction

cross section tends to increase with proton energy at low energies and
approaches the geometrical cross section of the silicon nucleus at
higher energies.

They also indicate that the geometrical cross

section may be used as an upper limit to the true cross section at any
energy and that this upper limit is 5 x 10

-25

cm

2

for silicon.

If

this cross section is compared to the total displacement cross section
obtained by considering classical Rutherford scattering with 22 MeV
protons, it is found to be insignificant.

Therefore, the conclusion

is drawn that nuclear transmutations do not play a large enough role
to be considered here.
Defect complexes in silicon.- The previous sections have dealt
with the production of displacements due to proton irradiation of
silicon.

The defects which result in changes in electrical properties

of silicon are in general not the interstitial silicon atoms and their
corresponding lattice vacancies produced by irradiation but are defect
complexes which are usually formed by vacancies trapped by impurity
atoms.
Watkins (ref. 5) has identified many defect complexes by means of
electron paramagnetic resonance studies of radiation-produced defects
in silicon.

The defect complexes of interest here are those formed in

n-type silicon.
E-center.

These complexes include the silicon A-center and

9
The silicon A-center is formed by interstitial oxygen trapping
the vacancy to become substitutional oxygen.

This center was observed

in the negative charge state by Watkins and Corbett (ref. 12).

The

A-center was found to be an electron trap 0.17 eV below the bottom of
the conduction band and, therefore, was consequently determined to be
the same defect level located by Wertheim (ref. 10) and Hill (ref. 11)
by means of electrical measurements in electron-irradiated silicon.
It was also found that the A-center production rate due to 1.5 MeV
electrons was reduced by a factor of 2.5 when an n-type sample was
heat-treated at 1000° C for 100 hours prior to electron irradiation.
This heat treatment reduces the concentration of oxygen in solid
solution by precipitating the oxygen (ref. 15), that is, causing the
oxygen atoms to group into clusters of high oxygen concentration.
The silicon E-center is formed by a vacancy trapped next to a
substitutional phosphorus impurity atom.

This center was located

by Watkins and Corbett in n-type, vacuum floating zone silicon where
the oxygen concentration was on the order of 10

16

cm

-5

.

The E-center

was found to have a defect energy level located approximately 0.^0 eV
below the bottom of the conduction band.

Semiconductor Theory
Electrical conductivity and Hall coefficient.- The electrical
conductivity for a semiconductor is given by the expression
where
electronic charge, n
holes, and

and

and
|i

a

is the electrical conductivity,
p

e

is the

are the concentrations of electrons and

are the respective drift mobilities of the
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electrons and holes.

In this thesis, only n-type silicon is considered

where the hole concentration is negligible with respect to the electron
concentration and can be neglected.

Therefore, the expression for the

electrical conductivity reduces to

a = ne^n *

^or a semiconductor, the

Hall coefficient is, in general, given by the following expression:

where

r

is a numerical factor which depends on the type of scattering,

the statistics of the carriers, and the complexities of the band
structure.

For lattice scattering and classical statistics, r = ^

(ref. 1*0.

This is the value for

silicon where

r

that is used here.

For n-type

p < < n:

The Hall mobility is given by the product of the electrical conductivity
and the Hall coefficient.

It differs from the drift mobility for

nondegenerate semiconductors because of the spread in the values of
the carrier velocity (ref. 1*0 .
Semiconductor statistics.- A semiconductor is characterized by the
existence of allowed energy bands which are separated by forbidden
regions of energy.

The outermost band of energy which is normally

populated by electrons is called the valence or filled band.

The band

higher in energy in which conduction can take place by means of electrons
is the conduction band.

The two bands of energy are separated by a

forbidden energy gap whose width is approximately 1.1 electron volts
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in silicon.

The conduction band receives electrons by thermal

excitation from occupied energy levels called donor levels which are
introduced into the forbidden gap by chemical donors existing in the
semiconductor.

Chemical donors are usually group V impurities which

have been introduced or doped into the semiconductor.
donors are arsenic, phosphorus, and so forth.

Common chemical

Conduction can occur in

the valence band by means of charge carriers called holes.

Holes can

be introduced into a semiconductor by doping it with chemical acceptors,
usually group III impurities.
Electrons and holes in a semiconductor behave according to Fermi Dirac statistics.

The probability that a given energy level is

occupied by an electron is given by the Fermi - Dirac distribution
function

f \
where

+ y

-

Er ) r

Ef, the Fermi level or energy, is the energy at which the

probability of a level's being filled is ~.

The concentration of

electrons in the conduction band can be found from the following
integration:

where

f(E)

is the probability of occupation and

of states per unit energy and unit volume.

g(E)

is the density

The limits on the inte

gration run from the conduction band minimum to infinity.

The upper

limit of integration is unimportant provided it lies well above all
occupied states.

where

m

n

is the effective mass of a conduction electron (ref. 15).

Since this thesis deals only with nondegenerate semiconductors, that
is, the energies of the electrons in the conduction band are well
above the Fermi level, the Fermi distribution function is accurately
approximated by the following:

Now,
n = kic

= I jt

The integral can now be written as follows:

n = k-i

= 2

where

is the effective density of states in the conduction band.

A similar treatment of the concentration of holes in the valence band
gives
2jtm

kT

where

N

is the effective density of states in the valence hand.

The density of states effective mass for n-type silicon is

Bn = 62/3
(ref. 15) where

m^ = O .98 mQ

of the free electron,

(mj m2 )
and

= 1.08 mQ

m^ = 0.19

where

m0

is the mass

m., is the longitudinal mass and

m^

is the

transverse mass of the surfaces of constant energy in
happen to be ellipsoids of revolution.
there are six such ellipsoids.

—>
k-space which

The factor 6 appears because

CHAPTER II
DESCRIPTION OF EXPERIMENTAL PROCEDURE

Three types of silicon -were used in this experiment:

vacuum

floating zone, Czochralski grown, and Czochralski grown which had been
heated to 1000° C.

All the silicon was phosphorus-doped and possessed

approximate resistivities of 10 and 100 fi-cm.

The vacuum floating

zone and Czochralski grown silicon was obtained commercially.

The

third type of silicon was obtained by heat treatment of Czochralski
grown silicon in a furnace at a temperature of 1000° - 20° C for
65 hours to precipitate some of the oxygen in the silicon.
Fifteen mil-thick slices oriented in the (ill) direction were cut
from the silicon ingots by means of a diamond cutting saw.

From these

slices samples were cut by means of an ultrasonic inpact grinder.

The

samples were then mechanically lapped to thicknesses less than
10 mils.

Next, the silicon samples were etched in a chemical etch

(five parts HE, five parts acetic acid, and eight parts HNO^).

The

tabs of the samples were then plated with nickel by means of an
electrodeless chemical plating method (ref. 16).

The final thicknesses

of the samples were measured by means of a micrometer.

Thickness

measurements were made at three points along the body of each sample.
Finally, leads were soldered to the nickel-plated tabs of the samples
(see fig. 1).

Through the use of a sample of this particular shape,

it is possible to obtain ohmic contacts since this sample shape offers
the advantages of reduction in contact resistance and minimization of
carrier injection.

Ik
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The proton irradiations were performed at the Oak Ridge National
Laboratory’s 86 inch cyclotron and were conducted at room temperature.
The energy of the protons from the cyclotron had been determined
previously to be 22 ± 0.1 MeV by the cyclotron personnel.

The silicon

samples were mounted immediately behind a thin-walled ionization
chamber which is used for the determination of the beam current of
the protons from the cyclotron.

A collimator was placed in the beam

pipe in front of the ionization chamber.

The collimator reduced the

beam that was incident on the ionization chamber to l/2 inch in
diameter.

The beam spot at the sample location m s

determined to

be approximately 1/2 inch in diameter by means of exposing Polaroid
film and darkening glass slides with the proton beam.

The proton

beam current and the integrated proton flux were determined by
monitoring the output of the ionization chamber with an ELcor current
integrator.

The output of this ionization chamber had been calibrated

against the output of a Faraday cup by the cyclotron personnel.

This

calibration is checked periodically by means of activation analysis.
The flux rate used for the irradiation was approximately

The electrical conductivity and Hall coefficient of the silicon
were determined as a function of temperature prior and subsequent to
proton irradiation in a liquid nitrogen cryostat (see figs. 2 and 3 )«
Prior to any measurements the samples were mounted on a cold finger
which could be in contact with or isolated from liquid nitrogen by
means of a manually-controlled valve which regulated the flow of
liquid nitrogen to the cold finger.

The temperature of the sample was

l6
controlled by the amount of heat emitted by a heater coil wound
inside the sample chamber.

The sample chamber was filled with

helium gas to reduce any temperature gradient across the sample.

The

temperature of the sample could be maintained to ± 0 .5° C through this
type of temperature control system.

The temperatures of the samples

were monitored by measuring the output voltage of a copper-constantan
thermocouple soldered to the sample.

Measurements were made of the

Hall voltage, the conductivity voltage and the current through the
sample at various temperatures between room temperature and liquid
nitrogen temperature.

The current was determined by measuring the

voltage drop across a 1000 ohm resistor.

All voltage measurements

were made with a Cimron digital voltmeter, and the accuracies of the
voltage measurements were one percent or better.

The magnetic field

was maintained at 2700 gauss during the measurements for the Hall
coefficient; the magnetic field was measured with a Rawson rotating
coil gaussmeter.

The overall accuracy of the electrical conductivity

and Hall coefficient determinations was 10 percent or better.
the uncertainty was in the measurement of sample thickness.

Most of

CHAPTER III
METHOD OF DATA ANALYSIS

When silicon is irradiated with particles of sufficient energy
to displace a lattice atom, damage results in the form of lattice
defects.

As has been previously pointed out, these defects are

usually defect complexes rather than isolated vacancies and
interstitials.

The principal contributing factor to the formation of

defect complexes is that the vacancy is mobile below 78° K and
associates with various impurities in the crystal.

The two defect

complexes of interest are the oxygen-vacancy complex (A-center) and
the phosphorus-vacancy complex (E-center).
Radiation-produced defects introduce energy levels into the
forbidden energy gap of a semiconductor.

These levels can be located

by making use of the dependence of the carrier concentration of the
silicon on the temperature of the silicon.

The condition of electrical

neutrality after irradiation is fulfilled by the following expression
(ref. 17):

(1 )

where

n = electron concentration in the conduction band, p = hole

concentration in the valence band, N_ . = ith concentration of donors
either introduced chemically or produced by radiation, N.

. = ith concen-

A, X

tration of acceptors, E

tJ

= energy of the jth donor level, and

E^ = energy of ith acceptor level.
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Since the silicon used for the experiment described in this thesi
had electron concentrations greatly exceeding the hole concentrations,
p

may be neglected with respect to

n.

Since all previously noted

donors produced by irradiation lay in the lover half of the forbidden
gap, their contribution in equation (l) may be neglected because
(3f ' ej)/m

would be extremely large.

The acceptor levels existing

prior to irradiation lie near the top of the valence band.

N
’

where

^
D ,0

r-i
\

(Ef - V / kT '
1 + eK
'

Q

A ’° ‘

L
i

Therefore,

N. .
A,i
1 + e

- Ef)/kT

(

represents the chemical donor concentration and

Q

represents the concentration of ionized acceptors existing prior to
irradiation.

If the assumptions are made that the acceptor level of

interest lies well away from any other acceptor level (in terms of kT)
and that the chemical donors are completely ionized, the expression
for

n

becomes

N
n = V o

where

E

I

‘ V o

" V a

(ea “ Ef)/kT

is assumed to affect only the fraction of

with electrons and

^

^

N.
A

filled

represents the concentrations of acceptors

with energy levels much deeper in the forbidden gap then

E^.

pointed out previously that the electron concentration in the
conduction band is also given b y the following expression:

It was
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2(2nn VS'?'2

n =1

M
O

-(E

- EAllil

e 1c

-E^/kT
Now, from equation (k), e

e

"Ef/kT

where

t}l

-(E

N

irradiation.

0

”

0

fJ/ .

(U)

v '

-E/kT

= "rF 0

°

*

^

is made in equation (y)> n = nn - N
0 ‘ A,d *

no =

- Ej/kT

= Hc e 1 c

tke substitution for

' N
1 + —
n

NA
(EA - E c)/kT
e

iS tke ebecb**on concentration prior to

This results in a quadratic expression for

n ; the

solution of which is given by

n = - i B + i Vb2 +

(5)

where
N
B = -

c
- EA )/kT ’ (n° ’

+ Na

e

(n0 ~ NA,d)K c
= e (Ec - EA)/kT ‘

^nQ E^

^

is the electron concentration when the energy level at

has a probability of being filled with an electron approximately

equal to zero and the deep acceptor levels have a probability of being
filled with an electron approximately equal to unity.
possible to determine

and

Thus, it is

by obtaining the best theoretical
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fit to the experimental values for a plot of the carrier concentration
as a function of the reciprocal temperature.*
There is a second method of determining
sufficiently large.

if

is

Equation (p) can be rewritten as
na

n = n- - N.

, ------’
, .+U e W A
1

‘"A ” ^f ^ JET.

n = n

.
• "f /

The expression for

- N
- N e
0
A,d
A

n

- O h - E )/kT
A
.

\ n
(Ec - EA)/kT
n - no ' KA,a - — I f 0
e
•
c
C
n
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*A computer program was written by Chris Gross, NASA, Langley
Research Center to determine the best theoretical fit to the
experimental curve.
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CHAPTER IV
RESULTS M D ANALYSIS

Proton-Produced Changes in Electrical Properties
The carrier concentration and electrical conductivity of silicon
can be reduced by proton irradiation since radiation-produced defects
can serve as both trapping sites and scattering centers for carriers.
To demonstrate such changes in the electrical properties, samples of
the three types of silicon with approximately the same resistivity were
bombarded at room temperature.
Figure h- shows plots of both carrier concentration and electrical
conductivity as functions of integrated proton flux for sample FZ-1.
This sample is vacuum floating zone silicon which had an initial
resistivity of 1^.7 ohm-cm.

The carrier removal rate, ^

sample was -28.5 electrons/proton-em.

2

, for this

The Hall mobility was reduced

2

from 1722 cm /volt-sec to 1668 cm /volt-sec after irradiation to an
integrated flux of 5»16 x 10

12

/

2

protons/cm .

Since this is a relatively

small change in mobility, the reduction in the electrical conductivity
must be primarily due to the removal of electrons from the conduction
band.

Since the initial location of the Fermi level was 0.29 eV below

the bottom of the conduction band (Ec - 0.29 ©v), the electrons had to
be trapped at defect energy levels deeper in the forbidden gap.
Figure 5 shows plots of carrier concentration and electrical
conductivity as functions of integrated proton flux for sample CZ-1.
This sample is Czochralski grown silicon with an initial resistivity
of 15*0 ohm-cm.

The carrier removal rate for this sample was

22

23
2

-15.^ electrons/proton-cm; the Hall mobility was reduced from 1735 cm /
2

!

volt-sec to 1669 cm*-/volt-sec after irradiation to a total integrated
flux of 5*25 x 10

12

2

protons/cm .

Once again the reduction in electrical

conductivity results primarily from the removal of electrons from the
conduction band.
Figure 6 shows plots of the electrical properties of sample CH-1
as functions of integrated proton flux.

This sample is Czochralski

grown silicon which had been heated to 1000° C for 65 hours prior to
proton irradiation.

This sample possessed a resistivity of 19*1 ohm-cm

before irradiation.

The carrier removal rate was -1^.3 electrons/

2

proton-cm, and the Hall mobility was reduced from 1776 cm /volt-sec to
2
1756 cm /volt -sec. As was the case with samples FZ-1 and CZ-1, the
defect energy levels responsible for the removal of electrons lay
below

Ec - 0.30 eV in the forbidden gap.
If the carrier removal rates for the three samples

are compared,

it can be seen that the vacuum floating zone silicon sample
a carrier removal rate almost twice as large as that of
samples.

FZ-1 had

the other two

This is an indication that the rate of introduction of deep

levels into the forbidden gap is greater for vacuum floating zone
silicon.

In addition, heat treatment of the Czochralski grown silicon

seems to have a negligible effect on the carrier removal rate since the
carrier removal rates of samples CZ-1 and CH-1 are almost equal.

Temperature Cycling Experiments
Samples of the three types of silicon which were irradiated were
temperature-cycled before and after proton irradiation to allow the
defect energy levels and the defect concentrations to be determined.

2k
Two resistivities of each type of silicon were included in these
temperature cycling experiments.
Figure 7 shows a plot of the logarithm of the carrier concentration
as a function of the reciprocal temperature before and after irradiation
12
to an integrated flux of y.k x 10

. 2
protons/cm^" for sample FZ-1.

FZ-1

was a sample of vacuum floating zone silicon with an initial resistivity
of 1^.7 ohm-cm.

A theoretical fit to the experimental curve after

irradiation was obtained by making use of equation (5) from the section
on method of analysis.

The values of

from the theoretical fit were
cm

-3

.

E. = E
A c

and

N

- 0.16 eV

which were obtained
and

N. = 7*90 x 10*^
A

This defect level appears to be the same one observed by

Wertheim (ref. 10) and Hill (ref. 11) in electron-irradiated silicon.
Watkins and Corbett have labeled the defect responsible for this energy
level an oxygen-vacancy complex, the silicon A-center (ref. 12).
The concentration of acceptors with deep levels was determined to be
1.02

12
x 10

-3
cm
from the radiation-produced change in the carrier

concentration at room temperature.
A defect energy level deeper in the forbidden gap was also located
by irradiating FZ-1 to a larger integrated flux and then temperature
cycling it.

In figure 8 the product of the logarithm of carrier

concentration times the temperature to the -3/2 power is plotted as a
function of reciprocal temperature for sample FZ-1 after irradiation
T7
2
to an integrated flux of 1.55 x 10
protons/cm . From the slope of
the plot a defect energy level is located at

- 0.^1 eV.

This

level has also been located in electron-irradiated silicon by Hill
(ref. 11).

According to Watkins (ref. 3), the defect responsible for
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this level is the silicon E-center which is a vacancy trapped next to
a substitutional phosphorus atom.
A higher resistivity sample of vacuum floating zone silicon was
also irradiated so that

and the concentration of acceptors

with deep levels could be determined.

Figure 9 shows results obtained

with sample FZ-2 which had an initial rocan temperature resistivity of
97.2

ohm-cm.

The logarithm of the carrier concentration is plotted as

a function of the reciprocal temperature before and after a proton
irradiation of 6*9 x 1 0 ^ protons/cm^.

The theoretical fit to the

experimental curve obtained after bombardment gave the following:
E. = E
A c

-Q.15eV

and

N. = 1.0^ x 1 0 ^ cm"^.
A

The concentration of

acceptors with deep energy levels was obtained from the difference
between the carrier concentrations at room temperature before and after
1V

irradiation; it was found to be 1.01 x 10

7

cm" .

The level due to the

silicon E-center was not located in this sample because it was not
irradiated heavily enough.
Two samples of Czochralski grown silicon were also irradiated
and then temperature cycled.

Figure 10 shows results obtained with

sample CZ-2 which had a room temperature resistivity of 22,^ ohm-cm
prior to irradiation.

The theoretical fit to the curve obtained after

a irradiation to 3 *^ x 10

12

/

protonr/cm

2

yielded the following:

the

energy level was determined to be at 0.17 eV below the bottom of the
conduction band ^E^ = Ec - 0.17 eV)

and the concentration of centers

giving rise to this energy level was determined to be 6.21 x 10

13

cm

The concentration of acceptors with deep levels was found to be
3 . 7 0 x 1 0 ^ ^ cm

Here again, the energy level at

- 0.17 eV

is

-3

.
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attributed to the silicon A-center.

Figure 11 shows curves obtained

before and after irradiation for sample CZ-3 which had a resistivity

of 117 ohm-cm prior to irradiation.

A theoretical fit to the experiH

mental curve obtained after irradiation to 6.9 x 10
yielded the following:

E^ = Ec - 0.l8 eV and

2

protons/cm

= 1.15 x 10"^ cm

The concentration of acceptors with deep lying levels was 7*24 x 10
cm

-3

12

and was determined from the difference between the carrier con

centration at room temperature before irradiation and the carrier
concentration at

~ = 4.01 x 10**^

after irradiation.

The carrier

concentration at

i = 4.01 x 10*"^ °K~^

was used for this determination

because the Fermi level at room temperature was too close to the energy
level due to the silicon E-center.
Two samples of Czochralski grown silicon which had been heated
to 1000° C for 65 hours were also irradiated and temperature cycled.
Figure 12 shows curves of the logarithm of the carrier concentration as
a function of the reciprocal temperature for sample CH-2 which had an
initial resistivity of 20.2 ohm-cm.
integrated flux of 3*4 x 10

12

The sample was irradiated to an

2

protons/cm •

The theoretical fit to the

curve obtained after irradiation gave the following values:
E^ = Ec - 0.18 eV

and

= 6.95 x lO1^ cm

acceptors with deep levels was 3*62 x 10
experimental curves of
irradiation to 6,9 x 10

In n

11

13

The concentration of
cm

-3

as a function of

protons/cm

2

.
~

Figure 13 shows
before and after

for sample CH-3.

had a resistivity of 182 ohm-cm prior to irradiation.

This sample
The theoretical

fit to the experimental curve obtained after irradiation yielded
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E. - E
A C

- 0.l8 eV

and

N. = 1.23 x 10*^^ cm”^.
A

The concentration of

acceptors with deep levels was found to be 7 *9^ x 10

12

cm

-3

.

The results from all the samples are summarized in tables I and
II.

The energy level introduced by this particular defect is shown

to be in the range from

E

c

- 0.15 eV

to

E

c

- 0.18 eV

(see table I).

This energy level has been located previously in electron-irradiated
silicon at

Ec - 0.l6 eV

Hill (ref. 11).

by Wertheim (ref. 10) and at

Ec - 0.17 eV

by

Watkins and Corbett have since determined that this

energy level is due to the silicon A-center which is a defect formed
by interstitial oxygen trapping a vacancy to become substitutional
oxygen (ref. 12).

From this evidence it is concluded that the defect

in question is the silicon A-center.
The concentrations of A-centers and centers giving rise to deep
acceptor levels are listed in table II along with the sample number
and irradiation flux.

This table serves as a basis for comparison

for the three types of silicon used in the experiment.

Since FZ-1,

CZ-2, and CH-2 had approximately the same resistivity and were
irradiated to the same integrated flux, they can be compared.

Similarly,

FZ-2 , CZ-3, and CH-3 can be compared.
A slightly larger concentration of A-centers was produced in FZ-1
than in CZ-2 or CH-2.

This seems to be out of line with

FZ-2, CZ-3,

and CH-3 where the concentration of A-centers appears to be slightly
larger in CZ-3 and CH-3 than in FZ-2 .

The concentration of A-centers

appears to be surprisingly large in the vacuum floating zone silicon.
It would appear that the introduction rate of A-centers is independent
of oxygen concentration, at least for the group of samples investigated

28
here.

This is somewhat surprising since the oxygen content of floating

zone silicon can he on the order of 10

16

cm

-3

while the oxygen con

centration for Czochralski grown silicon is usually greater than
10

17

cm

-3

.

One plausible explanation is that the formation of the

silicon A-center is not directly proportional to the oxygen concentration
when it is much greater than the chemical impurity concentration which
is the case with the silicon used in this investigation.

As can

readily be seen from table II, the heat treatment had little effect on
the A-center introduction rate.

A crude check of the 9m, Infrared

absorption band, which is due to silicon-oxygen bond stretching
vibrations (ref. 1 3 )> revealed that the intensity of this band had
been reduced by only a factor of 1.8.

Thus, probably not enough oxygen

was precipitated to have an effect on the A-center introduction rate.
A larger concentration of deep centers, that is, centers giving
rise to deep acceptor levels, Is produced in vacuum floating zone silicon
than in either type of Czochralski grown silicon.

However, sample FZ-1

had a concentration of deep centers which exceeded that of CZ-2 and CH-2
by a factor of three.

This would mean that the total concentration of

defects was appreciably greater in FZ-1 than in the other two samples.
There is no reason why this should be true.

Therefore, the greater

production of defects in FZ-1 would have to be considered anomalous.
In general, a greater concentration of A-centers was produced in
the two types of Czochralski grown silicon than deep centers.

However,

in vacuum floating zone silicon the concentration of deep centers was
greater than or equal to the A-center concentration.
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The results in table I and II were obtained from theoretical fits
to experimental curves for one level of integrated flux for each
sample.

The samples were irradiated to higher levels of integrated

flux, but, in general, the theoretical fits were not nearly as good as
the theoretical fits that are presented here.

It appears that at

higher levels of irradiation the situation becomes too complex to use
the mathematical model used here.

CHAPTER V
CONCLUSIONS

1.

A defect energy level approximately 0,15 eV to 0.18 eV "below the

bottom of the conduction band is produced by proton irradiation of
n-type silicon.

This level is attributed to an oxygen-vacancy complex

(silicon A-center).
2.

The introduction rate of the silicon A-center appeared to be

independent of the oxygen content of the silicon.
3.

A defect level 0.4l eV below the bottom of the conduction band is

produced in n-type silicon by proton irradiation.

This defect energy

level is due to the phosphorus-vacancy complex (silicon E-center).
4.

Heat treatment of Czochralski grown silicon to 1000° C for

65 hours has little or no effect on the introduction rate of the silicon
A-center.
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TABLE I
LOCATION OF ENERGY LEVEL AS DETERMINED FROM THEORETICAL FITS

Resistivity

Irradiation flux

Energy level

1^.7 ohm-cm

3 *^ x 10^

FZ-2

97*2 ohm-cm

6.9 x 10

CZ-2

2 2 .U- ohm-cm

3 .^- x 10li_ protons/cm2

0
N
1

i
H

Sample

CH-2
CH-3

ohm- cm

6.9 x 10

20.2 ohm-cm

3 .^ x 10

117

182

ohm-cm

6.9 x 10

11

T1
IP
11

protons/cm2
protons/cm

2

^
protons/cm^
protons/cm
protons/cm

P
2

E

c

- 0.16 eV

Ec - 0.15 eV
E
E
E
E

c
c
c
c

- 0.17 eV
- 0.18 eV
- 0.18 eV
- 0.18 eV

3k

TABLE II
DEFECT CONCENTRATION DETERMINATIONS FROM THEORETICAL FITS

Sample

Irradiation flux

A-centers

Deep centers
1^

-3

FZ-1

3-k x 10^

protons/cm^

7.90 x 1015 cm’5

1.02 x 10

FZ-2

6.9 - 10^

protons/cm2

1.C& x 1015 cm”5

1.01 x 1015 cm’5

CZ-2

3 .^ x 10

/ 2
protons/cm

6.21 x 1015 cm’5

3.70 x 1015 cm’5

1.15 x 1015 cm’5

7 .2^ x 1012 cm’5

6.95 x 1015 cm’5

3.62 x 1015 cm’5

1.23 x 1015 cm’5

7.96 x 1012 cm’5

CZ-3
CH-2

CH-3

12

2
protons/cm
“JO
p
3 .^ x 10'^ protons/cm
1^
0
6.9 x 10
protons/cm
6.9 x 10

11

cm ^
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Figure 1.- Silicon

sample.

56
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Figure 2.- Experimental setup for determining the electrical
conductivity and the Hall coefficient as a function of
temperature.
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Figure 3*- Schematic of experimental setup.
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Figure 7-- Log carrier concentration as a function of reciprocal
temperature. Sample FZ-1 irradiated with 22 MeV protons.
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Figure 9*- Log carrier concentration as a function of reciprocal
temperature. Sample FZ-2 irradiated with 22 MeV protons.
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temperature. Sample CZ-3 irradiated with 22 MeV protons.
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Figure 12.- Log carrier concentration as a function of reciprocal
temperature. Sample CH-2 irradiated with 22 MeV protons.
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Figure 13
Log carrier concentration as a function of reciprocal
temperature. Sample CH-3 irradiated with 22 MeV protons.

